THE SUCCESSFUL CLINICAL use of left ventricular assist devices (LVADs) depends not only on safe blood contacting biomaterials and effective engineering performance and control features, but also on an understanding of the effects of the device on host organ
LABORATORY INVESTIGATION-VENTRICULAR PERFORMANCE
abstracts that have been published concerning the effects of an LVAD on the right ventricle.'1 2-2 One leading possibility is that right ventricular failure in patients who have undergone open heart surgery may be due to the same myocardial ischemia and depression of cardiac function during cardiopulmonary bypass that caused the left heart to fail. 21 This preexisting right ventricular disease and poor right ventricular function is unmasked with the increased venous return to the right heart generated by the assist device. Another possibility is that volume and pressure unloading the left ventricle with a LVAD reduces the coupling between the ventricles via the interventricular septum and reduces the contribution of left ventricular contraction to an already marginal right ventricle. Thus, abnormal septal contraction or reduced septal forces may contribute to right ventricular failure.
These are important phenomena to understand from the standpoint of proper control of the assist pump, for helping to interpret clinical findings from patients with various cardiac pathology, and for proper clinical decisions on whether to provide right or left ventricular assistance or a total artificial heart. The present study was designed to evaluate right heart function during left ventricular assistance in the normal dog heart to determine if right ventricular pump function is impaired with left ventricular pressure unloading and with increased venous return during volume loading.
Methods
Eleven mongrel dogs of both sexes weighing between 27 and 35 kg were anesthetized with intravenous sodium pentobarbitol (35 mg/kg), intubated, and connected to a respirator adjusted to maintain blood gases within a normal range. Anesthesia was maintained by periodic intravenous doses of fentanyl (4 to 6 ,gl kg) as required. A left thoracotomy was performed on each dog and the heart was suspended in a pericardial cradle. Two No. 32F cannulas were inserted into the left atrium, one of which was placed across the mitral valve and into the left ventricle. These cannulas were attached to a Y connector and then to a roller pump that returned blood to the abdominal aorta at the bifurcation. In each of the first seven dogs, a reservoir containing dextran 40 premixed with the dog's blood and heated to body temperature was connected to the right atrium for volume loading and for producing increases in right atrial pressure (figure 1) .
The first group of dogs were instrumented for the following: High-fidelity right ventricular and pulmonary arterial pressures were measured with Konigsberg P9. 5 and end-diastolic pressures were measured with a Millar transducer connected to a short polyethelene catheter inserted through the left ventricular bypass cannula and into the left ventricle. Cardiac output was measured from the pulmonary artery with an electromagnetic blood flowmeter and flowprobes calibrated at the factory with whole blood (Carolina Medical Electronics). Right atrial and aortic pressures were measured through polyethelene catheters connected to Statham P23Db transducers. Zero pressure was taken at the level at the right atrium.
All signals were connected to a Gould model 2800 eightchannel recorder. The first derivative of right ventricular pressure (dP/dt) and of pulmonary arterial blood flow (dQ/dt) were determined electronically with a Gould differentiator preamplifier.
Measurements of all parameters were made with the left ventricular bypass pump off and on. Flow rates of the bypass pump were adjusted to obtain a maximum unloading effect by reducing maximum left ventricular pressure to under 30 mm Hg. After baseline measurements were made with the left ventricular bypass off and on, volume from the right atrial pressure reservoir was slowly added to raise right atrial pressure by approximately 2 mm Hg after a 10 min stabilization period. Measurements FIGURE 2. Chart-recorder data from a normal doz heart before (A) and during (B) left sentricular (LV) bypass with the roller pump. The thermal runoff curve is measured in the pulmonary artery after a 10 ml injection of iced 5%7 dextrose into the right ventricle. Pressure measurements are as defined in figure 1. bypass were found to be significant at the p < .01 level for pulmonary arterial pressure, right ventricular peak systolic pressure, maximum and minimum dP/dt, and left ventricular peak systolic and end-diastolic pressures, and significant at p < .05 for maximum and minimum dQ/dt. No other parameter was significantly changed by left ventricular bypass. The effects of volume loading, after accounting for the variability of data due to left ventricular bypass, were found to be significant at p < .05 for all parameters except heart rate, mean aortic pressure, left ventricular peak systolic pressure, and maximum and minimum dQ/dt. No significant changes were found for cardiac output, peak pulmonary arterial blood flow, or heart rate (figure 4) as a result of left ventricular bypass, although both flow parameters increased with volume loading. The relationships of right ventricular enddiastolic volume, stroke volume, and right ventricular ejection fraction (figure 5) as functions of right atrial pressure also showed no significant change resulting from left ventricular bypass. However, significant reductions were found in the absolute values of the maximum and minimum dP/dt (p < .01; figure 6 ) and in the maximum and minimum dQ/dt (p < .05; figure 7 ).
Vol. 70, No. 4 , October 1984 Changes assistance: (1) the two hearts operate in series, and (2) the right ventricle is closely coupled anatomically to the left ventricle.27 21 The in-series concept explains how an LVAD can unmask preexisting right ventricular failure or dysfunction by increasing venous return to a level too great for the right ventricle to handle. For example, a patient in severe left heart failure with low cardiac output and no reserve may have a right heart functioning at the peak of an already depressed Starling function curve. Turning on an LVAD would result in markedly increased cardiac output and increased venous return to the right heart, which could overload the right ventricle and cause failure. The impaired right heart function may only become clinically apparent, however, after the left side is assisted. The in-series concept also explains how beneficial reductions in pulmonary arterial pressure as seen in this study during left ventricular bypass can be produced passively by reductions in left ventricular filling pressures.
The second hypothesis deals with the mechanical interdependence of the ventricles through the interventricular septum and through common muscle fibers that encircle both ventricles. are indicative of a reduced septal contribution to right ventricular contraction and reduced coupling of the right and left ventricles. Since we also found a decrease in right ventricular afterload along with the decrease in dP/dt during left ventricular bypass, the second group of experiments was performed to separate these effects. These studies resulted in lower values of dP/dt than in the volume loading experiments, illustrating a greater dependence of this parameter on preload than afterload, as reported by others. 3 The afterload dependence of right ventricular dP/dt is illustrated in figure 8, 
